Background: Mechanical forces regulate gene expression. The mechanisms are not well understood. Results: A HES-1 site in the promoter of h2-calponin gene is a tension-regulated repressor responsive to Notch signaling. Conclusion: Notch regulation plays a role in the mechanoregulation of h2-calponin. Significance: The findings demonstrated a novel mechanism in the mechanoregulation of h2-calponin gene expression.
Mechanical forces have significant effects on various biochemical and genetic processes in living organisms and contribute to multiple physiological regulations and pathological conditions (1) . It is well established that chemical energy can be converted into mechanical forces in living cells by the activity of motor proteins, such as myosin and kinesin/dynein ATPases (2, 3) . However, it is much less well understood how mechanical force signals are transduced and converted into chemical signals in cells to regulate biochemical processes and gene expression.
The actin cytoskeleton is a dynamic network in eukaryotic cells capable of bearing forces and undergoing rearrangements in adaptation to mechanical changes in the environment, playing essential functions in cellular mechanical properties and responses to mechanical signals (4) . For the dual function of actin cytoskeleton in generating as well as sensing mechanical forces, regulation of actin cytoskeleton is essential for mechanoregulation in eukaryotic cells.
Calponin is an actin filament-associated regulatory protein (5) . First found in smooth muscle (6) , three isoforms of calponin (h1, h2, and h3) encoded by homologous genes (CNN1, CNN2, and CNN3) have been identified in vertebrates (7) (8) (9) (10) (11) . h1-Calponin is expressed specifically in differentiated smooth muscle cells (12) . h3-Calponin, also called acidic calponin, is found in smooth muscle cells (10) and neuronal tissues (11) . In contrast, h2-calponin is present in multiple tissue and cell types, including smooth muscle, lung alveolar cells, endothelial cells, epidermal keratinocytes, fibroblasts, and myeloid leukocytes (9, (13) (14) (15) (16) .
Calponin binds F-actin with high affinity and inhibits the actin-activated myosin ATPase (17) (18) (19) (20) and motor (12, 21, 22) activities. Extensive biochemical and biophysical studies have demonstrated that calponin regulates the function of actin filaments to modify smooth muscle contractility and non-muscle cell motility. For its expression in multiple tissue and cell types, the function and regulation of h2-calponin is of broad biological and medical significances. h2-Calponin stabilizes actin filaments and inhibits actin cytoskeleton-related cellular functions, such as cytokinesis, migration, and phagocytosis (13, 14, 16) .
The expression of h2-calponin gene and the degradation of h2-calponin protein are both regulated by mechanical tension in the cytoskeleton (13, 14) . In response to tension changes, proteolysis of h2-calponin provides rapid structural and functional modifications in the actin cytoskeleton, whereas its gene regulation conveys chronic and sustained alterations. The regulation of h2-calponin gene expression may be studied as a representative for understanding the mechanisms of mechanoregulation in living cells.
In a previous study, we demonstrated that h2-calponin protein and mRNA was significantly decreased in NIH/3T3 cells when cytoskeleton tension was reduced after blebbstatin inhibition of myosin II motor function (14) . In contrast to the endogenous h2-calponin gene, transfective expression of h2-calponin cDNA under the control of CMV promoter was not regulated by mechanical tension (13) . This observation suggests that transcriptional control is a primary regulation for the mechanoregulation of h2-calponin gene expression. The promoter of CNN2 gene therefore provides a novel experimental system to investigate how mechanical force signal is transduced in the regulation of gene transcription (23) .
In the present study, we characterized the transcriptional activity of h2-calponin gene promoter for its mechanoregulation. We cloned mouse genomic DNA containing the Cnn2 promoter, constructed reporter genes, and analyzed transcriptional activity in several mammalian cell types that express endogenous h2-calponin under mechanoregulation. Using cell culture substrate of different stiffness, transcriptional activities of truncation, deletion, and site-specific mutation promoter constructs were studied to identify an HES-1 (hairy and enhancer of split 1) cis-regulatory element downstream of the Notch signaling pathway.
MATERIALS AND METHODS
Adherent and Floating Cell Cultures-As described previously, NIH/3T3 cells (ATCC CRL1658) were cultured in plastic dishes statically in an attached monolayer or under continuous vibration to prevent attachment to the dishes (26) . After cultured at 37°C in 5% CO 2 for 3 days, the cells were washed with PBS, and total cellular protein was extracted for SDS-PAGE and Western blotting analysis.
Cell Culture on Gel Substrates of Different Stiffness-Human embryonic kidney cell line HEK293 (ATCC, CRL1573) and mouse fibroblast line NIH/3T3 were cultured in Dulbecco's modified Eagle's medium containing fetal bovine serum (10%), penicillin (100 IU/ml) and streptomycin (50 IU/ml) at 37°C in 5% CO 2 . Monolayer cultures of cells at ϳ70% confluence were trypsinized and passed at 1:10 ratio for use in experiments. Mouse skeletal myoblast line C2C12 (ATCC, CRL1772) was cultured with the same media conditions and trypsinized at ϳ50% confluence to pass at 1:5 ratio for use in experiments.
To examine the effect of substrate stiffness-dependent cytoskeleton tension on h2-calponin gene expression, HEK293, NIH/3T3, and C2C12 cells were seeded on a thin layer (45 ϫ 50 mm, ϳ100-m thickness) of polyacrylamide gel of different stiffness. Hard (16% gel with an acrylamide:bisacrylamide ratio of 19:1, Ef ϭ ϳ75 kilopascal) and soft (5% gel with an acrylamide:bisacrylamide ratio of 500:3, Ef ϭ ϳ1 kilopascal) gel substrates were prepared and covalently coated with 0.2 mg/ml type I collagen as described previously (13, 24, 25) . After 3 days of culture, the cells were harvested using a cell scraper, washed three times with PBS, and processed for analyses.
SDS-PAGE and Western Blotting-SDS-PAGE and Western blotting were carried out as previously described (13) to examine the expression of endogenous h2-calponin in the cultured cells. The monolayer cells were directly lysed in SDS-PAGE sample buffer containing 2% SDS and analyzed using 12% gel in Laemmli buffer system with an acrylamide:bisacrylamide ratio of 29:1. After electrophoresis, the gels were fixed and stained with Coomassie Blue R-250 to verify sample integrity and normalize protein concentration. Protein bands in unfixed duplicate gels were electrically transferred to nitrocellulose membrane for Western blotting with a rabbit antiserum, RAH2, raised against mouse h2-calponin (26) or a monoclonal antibody against HES-1 (7H11, from Abnova). The calponin or HES-1 band recognized by the first antibody was revealed using alkaline phosphatase-labeled anti-rabbit IgG or anti-mouse IgG second antibody (Santa Cruz Biotechnology) and 5-bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazolium chromogenic substrate reaction.
Cloning of Mouse h2-Calponin Promoter and Construction of Reporter Genes-From the screening of a mouse genomic library with a mouse h2-calponin cDNA probe as described previously (16) , lambda phage clones containing mouse Cnn2 gene (NC_000076.5) were isolated. A 5,058-bp BamHI restriction fragment containing the promoter of Cnn2 gene (Ϫ3,765 to ϩ1,292) was subcloned into plasmid vectors. The region of Ϫ3,765 to ϩ6 was further subcloned as a BamHI-SmaI fragment into the pcDNA3.1(ϩ)/chloramphenical acetyltransferase (CAT) 3 plasmid vector (Invitrogen) to replace the CMV promoter in front of the CAT coding sequence.
After demonstrating transcriptional activity of the Ϫ3.77-kb mouse Cnn2 promoter-CAT reporter construct, we constructed six 5Ј serial truncation clones to map the cis-regulatory elements. As illustrated in Fig. 1 , Ϫ2.12-kb (Ϫ2,115 to ϩ6) and Ϫ0.61-kb (Ϫ611 to ϩ6) clones were constructed from the Ϫ3.77-kb clone by restriction enzyme digestion-generated deletions. Four other 5Ј truncation Cnn2 promoter constructs, Ϫ1.57 kb (Ϫ1,572 to ϩ6), Ϫ1.38 kb (Ϫ1,380 to ϩ6), Ϫ1.24 kb (Ϫ1,244 to ϩ6), and Ϫ1.00 kb (Ϫ1,002 to ϩ6), were constructed using PCR-generated DNA fragments from the Ϫ3.77-kb template. A common 3Ј primer located in the CAT coding sequence was used to pair with different 5Ј primers to generate these constructions. The primer pairs introduced a BamHI site at the 5Ј-end and a NotI restriction site at the 3Ј-end for unidirectional cloning of the PCR products into pcDNA3.1(ϩ)/CAT reporter plasmid.
A Ϫ1,572 to Ϫ1,380 internal deletion (Ϫ1.57-kb/Ϫ1.38-kb deletion) was constructed in the Ϫ2.12-kb Cnn2 promoter-reporter gene using recombinant PCR. Two oligonucleotide primers with complementary 5Ј sequences were designed for use with flanking primers in the first PCR to amplify the Ϫ2,115 to Ϫ1,572 and Ϫ1,380 to ϩ6 segments of the Cnn2 promoter ( Fig. 1) . A recombinant DNA fragment was generated by joining the two first PCR products in the second PCR. The internal deletion promoter construct was unidirectionally cloned into pcDNA3.1(ϩ)/CAT reporter plasmid as a BamHI-NotI fragment. The 5Ј truncation and internal deletion constructs were verified by restriction enzyme mapping and DNA sequencing. Transient and Stable Transfections-HEK293 cells were seeded in 24-well plates at 8 ϫ 10 4 cells/well and cultured for 16 h. For each transfection, 0.04 pmol of the promoter-reporter plasmid was used with liposome reagent (Turbofect, Fermentas) at a 1:4 DNA/liposome (g/l) ratio. pEGFP-N1 plasmid encoding GFP under CMV promoter was co-transfected at a molar ratio of 1:20 versus the Cnn2 promoter construct to indicate the efficiency of transfection. DNA and liposome reagent were mixed in 100 l of DMEM, incubated at room temperature for 15 min, and added to the cell culture medium. After 6 h, the transfection medium was replaced with fresh medium for continuing culture of 24 -30 h.
NIH/3T3 and C2C12 cells were transfected similarly. 1 ϫ 10 5 or 5 ϫ 10 4 cells/well, respectively, were seeded in 12-well plates. 0.10 pmol of DNA was used for both NIH/3T3 and C2C12 cells at DNA/liposome ratios of 1:2 and 1:4, respectively (g/l).
The cultures were examined using an inverted epifluorescence microscope for GFP-positive cells to evaluate the efficiency of transfection. The cells were then washed three times with PBS and lysed for use either directly or after short frozen storage at Ϫ80°C in the quantification of reporter gene expression. For every promoter construct, three or more independent transfection experiments were performed to verify the results.
To establish stable transfections, Cnn2 promoter-reporter plasmid DNA was linearized with restriction enzyme cleavage at the 5Ј flanking BamHI (for the Ϫ1.57-, Ϫ1.38-, Ϫ1.24-, and Ϫ1.00-kb constructs) or AflII (for the Ϫ2.12-kb construct) site. 1 ϫ 10 6 HEK293 cells were plated on a 100-mm dish for 16 h before the incubation with 0.2 g of recombinant plasmid DNA mixed with 0.8 l of liposome reagent for 6 h. After 24 h, the medium was replaced with fresh medium containing G418 at a concentration predetermined to effectively kill untransfected cells in 2 weeks. Cultured in the selection medium for 10 -14 days, single colonies of surviving and proliferating cells were picked manually as described previously (26) , expanded, verified using PCR for the presence of the CAT reporter gene, examined using Western blot for the normal expression of endogenous h2-calponin, and studied for transcriptional activity of the Cnn2 promoter constructs. At least three original stable transfection clones expressing endogenous h2-calponin at a level similar to that of nontransfected control cells were studied for each promoter construct.
Promoter Analysis-To map the 5Ј-upstream region of Cnn2 promoter for cis-regulatory elements responsive to mechanoregulation, the stable transfected cell clones were cultured on polyacrylamide gel substrates of high or low stiffness as described above. After 72 h of culture, samples were collected to examine the expression of endogenous h2-calponin using Western blot and transcriptional activity of the Cnn2 promoter-reporter constructs. The results were summarized from at least three original stable transfection clones that have similar normal level expression of endogenous h2-calponin.
CAT-ELISA-CAT-ELISA was performed as previously described (27) . Briefly, the concentration of cellular protein extracts was determined using Bradford assay and further normalized by SDS-PAGE gel densitometry. CAT expression of the Cnn2 promoter-reporter constructs was examined with a sandwich ELISA method using the reagent kit from Roche Applied Science. 100 g of total protein extract of the transfected cells was dissolved in 100 l of reaction buffer and loaded to each assay well of a 96-well plate. The samples were incubated at 37°C for 2 h followed by standard ELISA steps, including washes, incubations with anti-CAT antibody and horseradish peroxidase-labeled second antibody, and substrate-enhancer reaction. A 415 nm of each assay well was monitored at a series of time points with reference wavelength of 655 nm using an automated microplate reader (Bio-Rad Benchmark). Triplicate wells were examined for each sample. The transcriptional activity of the promoter-reporter constructs was normalized for transfection efficiency determined as the percentage of cells positive for the co-transfective expression of GFP. Absorbance data of soft gel cultures were compared with that of corresponding hard gel cultures to determine the percentage of down-regulation of each promoter construct. A pcDNA3.1(ϩ)/CAT plasmid was modified by replacing the CMV promoter with a 3.77-kb promoter segment of mouse h2-calponin gene. Six 5Ј-truncation constructs and an internal deletion construct were derived from this recombinant plasmid. The Ϫ2.12-(Ϫ2,115 to ϩ6) and Ϫ0.61-kb (Ϫ611 to ϩ6) constructs were generated using restriction enzyme digestion. The Ϫ1.57-(Ϫ1,572 to ϩ6), Ϫ1.38-(Ϫ1,380 to ϩ6), Ϫ1.24-(Ϫ1,244 to ϩ6), and Ϫ1.00-kb (Ϫ1,002 to ϩ6) constructs were generated with PCR using customer-designed primers (black arrowheads). The Ϫ1,572 to Ϫ1,380 internal deletion was made in the Ϫ2.12-kb construct with recombinant PCR using deletion primers containing complementary 5Ј sequences (gray arrowheads).
Search for Transcription Factor Binding Sites-Bioinformatic analysis of transcription factor binding sites was performed using the Genomatix suite software (Genomatix Software GmbH, Munich, Germany). The sequence of the Ϫ2.12-kb promoter segment of mouse Cnn2 gene was used as the target sequence for identification of putative transcription factor recognition sites using the MatInspector Version 8.0.5 program (28) . The parameters used were the standard (0.75) core similarity and the optimized matrix similarity. Transcription factor binding sites found in the Ϫ1,572 to Ϫ1,380 and Ϫ1,380 to Ϫ1,244 regions were considered for potential correlation to mechanoregulation.
HES-1 Deletion and Mutagenesis-A deletion from Ϫ1,438 to Ϫ1,423 was made in the Ϫ2.12-kb construct using recombinant PCR as described above for the Ϫ1.57 kb/Ϫ1.38 kb deletion. An HES-1 N-box mutation was made in the Ϫ2.12-kb construct using recombinant PCR, converting the Ϫ1,431 to Ϫ1,425 region of the Cnn2 promoter from CACGAG to TCTAGA (a new XbaI site was introduced for easy identification).
Notch Inhibition and Activation Studies-K562 human myelogenous leukemia cells (ATCC, CCL-243) that were growing in culture nonadherently were employed to study the role of Notch signaling in regulating h2-calponin expression. The effects of a Notch inhibitor, N-[N- (3,5- 
, and a Notch activator, phenethyl isothiocyanate (PEITC), were examined. Cells were seeded at 2 ϫ 10 5 /well in a 12-well culture plate in 1 ml of Iscove's medium containing 10% fetal bovine serum and various concentrations of the drug. The solvent control for DAPT was DMF at a concentration of 0.04%, and for PEITC was Me 2 SO at a concentration of 0.05%. Cells were cultured for 72 h, collected, and centrifuged at 500 ϫ g for 5 min to remove the media. The cell pellets were washed with PBS for three times and lysed in SDS-PAGE sample buffer for Western blotting as described above.
Data Analysis-Densitometry analysis of SDS gels and Western blots were performed using National Institutes of Health Image software (version 1.61) on digital images scanned at 600 dpi. The quantitative data are presented as means Ϯ S.D. unless noted in the figure legend. Statistical analysis was done using the Microsoft Excel or Origin software. The significance of difference was established as p Ͻ 0.05.
RESULTS

Substrate Stiffness-regulated Expression of h2-Calponin in
Multiple Cell Types-We previously reported that h2-calponin is expressed in smooth muscle and multiple non-muscle tissue and cell types including epithelial, endothelial, fibroblast, and myeloid blood cells (13) (14) (15) (16) 26) . In the present study, we further demonstrated significant levels of h2-calponin expression in human embryonic kidney cell line HEK293 and mouse skeletal myoblast line C2C12 (Fig. 2) .
The expression of h2-calponin in cells is dependent on the stiffness of culture substrate. Consistent with our previous observations from studies of epidermal keratinocytes (13) and lung alveolar cells (14) , the Western blots in Fig. 2 show that in all of the three cell types examined in the present study, cultures on low stiffness soft polyacrylamide gels corresponding to low tension in the cytoskeleton had a significantly lower level of h2-calponin expression than that in cells cultured on high stiffness hard gel substrate, corresponding to high cytoskeleton tension. Without exception, the regulation of h2-calponin gene expression by mechanical tension built in the cytoskeleton as traction force against the culture substrate (14, 29) has been seen in all cell types studied, indicating a highly conserved mechanism of mechanoregulation.
cis-Regulatory Activities in the 5Ј Upstream Region of Mouse Cnn2 Promoter-Following the evidence that mechanical tension regulates the level of h2-calponin mRNA (14) , the present study mapped the transcriptional regulatory elements in the 5Ј-upstream region of mouse Cnn2 gene promoter. The results of transient transfection promoter assays in Fig. 3 demonstrated that the Ϫ2.12-, Ϫ1.57-, and Ϫ1.38-kb promoter constructs exhibited high levels of transcriptional activity in HEK293, NIH/3T3, and C2C12 cells cultured on a plastic dish, similar to that of the Ϫ3.77-kb construct (data not shown). In contrast, further deletion of a DNA segment of 136 bp (Ϫ1,380 to Ϫ1,244) resulted in a sharp decrease (ϳ40%) in transcriptional activity in the Ϫ1.24-kb promoter construct. Deletion of the next 242 bp did not cause further change in transcriptional activity in the Ϫ1.00-kb construct, whereas removing the downstream 391 bp (Ϫ1,002 to Ϫ611) completely abolished expression of the CAT reporter gene.
The promoter mapping data from transiently transfected cells cultured on plastic substrate of very high stiffness revealed two fundamental regulatory activities in the mouse Cnn2 promoter: the essential promoter activity located in the Ϫ1,002 to Ϫ611 region is critical to turning on the h2-calponin gene in all of the three cell types tested, and the Ϫ1,380 to Ϫ1,244 region is necessary for high level transcription of the Cnn2 gene. 
A Regulatory Region in Mouse Cnn2 Promoter Responsive to
Substrate Stiffness-To localize mechanical tension responsive elements in the 5Ј-upstream region of mouse Cnn2 promoter, stable transfection studies in HEK293 cells showed that the Ϫ2.12and Ϫ1.57-kb constructs, but not the Ϫ1.38-, Ϫ1.24-, and Ϫ1.00-kb constructs, exhibited significant decreases in transcriptional activity in cells cultured on low stiffness gel substrate as compared with that in cells cultured on high stiffness substrate (Fig. 4) . Although the expression of endogenous h2-calponin in the host cells was still being regulated by mechanical tension (Fig. 4B) , the Ϫ1.38-, Ϫ1.24-, and Ϫ1.00-kb Cnn2 promoter-reporter constructs lost the low substrate stiff- ness-induced repression (Fig. 4C ). The data demonstrate the presence of mechanoregulatory cis-elements in the 192 bp of genomic DNA between Ϫ1,572 and Ϫ1,380 in the 5Ј-upstream region of the mouse Cnn2 gene.
To exclude any additional effect of the Ϫ2,115 to Ϫ1,572 region on the mechanoregulatory activity of the downstream Ϫ1,572 to Ϫ1,380 segment, internal deletion of the Ϫ1,572 to Ϫ1,380 segment reproduced the abolishment of tension regulation, like that in the Ϫ1.38-kb truncation construct. Transient transfection experiments showed that in cells cultured on a plastic dish, the 192-bp internal deletion construct had high level transcriptional activity similar to that of the Ϫ2.12-, Ϫ1.57-, and Ϫ1.38-kb 5Ј-truncation constructs (Fig. 5A ). Stable transfection experiments then showed that similar to the Ϫ1.38-kb truncated promoter construct, the Ϫ1.57to Ϫ1.38-kb internal deletion abolished the low stiffness substrate-induced repression (Fig. 5B) . Therefore, the 192-bp genomic DNA segment from Ϫ1,572 to Ϫ1,380 of mouse Cnn2 promoter functions in the mechanoregulation independent of the upstream regions.
Specific Transcription Factor Binding Sites in Mouse Cnn2
Promoter-The localization of a mechanoregulatory repressor activity in a genomic DNA segment of less than 200 bp allowed a focused search for relevant transcription factor binding sites. Of the 25 tentative binding sites predicted in the Ϫ1,572 to Ϫ1,380 segment, there are sites for potential transcriptional repressors, including two CCCTC-binding factor sites (30), one PAX5 site (paired box protein 5) (31), and one HES-1 site (32) (Fig. 6A) . Among them, HES-1 has been observed with a function in mechanoregulation downstream of the Notch signaling pathway (33) . Notch regulation has been demonstrated for a role in conducting mechanoregulation (34, 35) via HES-1 (36, 37) .
To investigate the role of the HES-1 regulatory site in the mechanoregulation of the mouse Cnn2 gene, stable transfection experiments showed that the selective deletion of the 6-bp HES1 N-box located between Ϫ1,431 and Ϫ1,425 (Fig. 6A ) abolished the soft substrate-induced repression of the Ϫ2.12-kb Cnn2 promoter (Fig. 6B) . A similar effect was seen with the 6-bp mutation in the HES-1 binding site (Fig. 6 ). The effects of site-specific HES-1 deletion and mutation on the mechanoregulation of Cnn2 promoter are similar to that of the 192-bp internal deletion and the Ϫ1.38-kb truncation.
To verify the role of HES-1 in the expression of h2-calponin, we have examined the relative abundance of HES-1 in protein extracts from cells in adherent or floating cultures, in which the higher or lower cytoskeleton tension produces higher or lower level of h2-calponin expression (26) . The Western blot results in Fig. 7 show that the level of HES-1 was significantly higher in floating versus adherent cells, counter-correlated with h2-calponin expression. The 5Ј-regulatory elements identified in mouse Cnn2 promoter and their functional relationships are summarized in Fig. 8 .
Notch Inhibitor and Activator Regulates the Expression of h2-Calponin in a Tension-dependent Manner-Employing K562 cells, a human myeloid blood cell line that expresses a significant level of h2-calponin in nonadherent cultures in which a low cytoskeleton tension is anticipated, Notch inhibitor DAPT increased the level of h2-calponin expression (Fig.  9A) presumably by diminishing the low tension-induced repression of Cnn2 gene. Consistently, Notch activator PEITC significantly decreased the level of h2-calponin expression (Fig.  9A) . In contrast, DAPT and PEITC had minimum effects on the expression of h2-calponin in HEK293 cells growing on plastic substrate as an adherent monolayer ( Fig. 9B ), suggesting that the higher tension in adherent cells has a dominant effect over the Notch activator. The results suggest that Notch signaling plays a role in the regulation of h2-calponin gene expression, which is dependent on mechanical tension, where the higher tension built in the cytoskeleton of adherent versus floating cells dominantly up-regulates h2-calponin expression (13, 14) .
DISCUSSION
Mechanosignaling of cellular activities includes dynamic and static stimulations (40 -42) . Examples of dynamic signaling A, CAT-ELISA data from promoter analysis in transiently transfected HEK293 cells cultured on plastic dishes showed that the Ϫ1.57to Ϫ1.38-kb internal deletion did not affect the high level transcription in cells on high stiffness substrate. The expression level of the internal deletion construct was similar to that of the Ϫ2.12-Ϫ1.57-, and Ϫ1.38-kb 5Ј truncation constructs and significantly higher than the levels of the Ϫ1.24and Ϫ1.00-kb truncation constructs. B, stable transfection experiments showed that deletion of the Ϫ1.57to Ϫ1.38-kb segment in the Ϫ2.12-kb promoter construct abolished the soft substrate-induced suppression of transcription as compared with that seen with the Ϫ2.12and Ϫ1.57-kb constructs. This loss of regulation is similar to that in the Ϫ1.38and Ϫ1.24-kb truncation constructs. ***, p Ͻ 0.001 versus the Ϫ2.12-, Ϫ1.57-, Ϫ1.38-, and 1.57-to Ϫ1.38-kb internal deletion groups. ###, p Ͻ 0.001 versus the Ϫ2.12and Ϫ1.57-kb groups. The results were summarized from experiments using three or more original stable transfected clones in each group.
have been reported such as stretch-activated membrane channels and cilia-or hair cell-mediated signaling (43) (44) (45) . In the present study, we investigated the regulatory effect of static traction force in the cytoskeleton on the expression of h2-calponin gene that encodes a protein regulating the function of actin cytoskeleton in multiple types of eukaryotic cells (5) .
Several cell signaling pathways have been suggested for functions in cytoskeleton-based mechanoregulation of eukaryotic cells. For example, the angiotensin II receptor-related pathway (46) , the integrin-mediated pathway (47) , and the G proteincoupled receptor pathway (48) . Despite the direct relevance of h2-calponin to the mechanoregulated cytoskeleton function, the regulation of Cnn2 gene expression remains to be investigated in detail.
Key features of the mechanoregulation of h2-calponin gene expression are its sensitivity and responses to intracellular tension built against the stiffness of extracellular matrix or culture substrate (13, 14) . Our Cnn2 promoter mapping data confirmed the mechanical tension regulation of h2-calponin gene expression at the transcriptional level.
An early report suggested that DNA methylation could suppress h2-calponin expression to counter the trisomy 21 gene dosage in Down syndrome (49) . However, human genome sequencing data later revealed that the human CNN2 gene is located in chromosome 19 (NC_000019.9) instead of chromosome 21, although the later contains a CNN2-like potentially pseudo gene (50) . Therefore, our present study is the first study of the repressor regulation of h2-calponin gene expression.
It is known that mechanical tension regulates h2-calponin at the levels of both gene expression and protein turnover (13, 14) . However, the transfective expression of h2-calponin under a viral promoter that is not regulated by the cellular mechanoregulation showed no decrease but an increase in the level of h2-calponin protein when the cells were cultured on soft versus FIGURE 6. Deletion or mutation of an HES-1 site abolished the low tension-induced repression of mouse Cnn2 promoter. A, using the MatInspector software, a binding site for transcriptional repressor HES-1 is found in the Ϫ1,572 to Ϫ1,380 region of mouse Cnn2 gene. This site is removed in the Ϫ1,572 to Ϫ1,380 and site-specific deletions of the Ϫ2.12-kb promoter construct and mutated by the substitution of 6 base pairs. B, CAT-ELISA data from stable transfection experiments showed that similar to what is seen with the 192-bp (Ϫ1,572 to Ϫ1,380) deletion, specific HES-1 deletion or mutation abolished the soft substrate-induced repression of Cnn2 promoter. Wild type Ϫ2.12-kb promoter construct was used as control. **, p Ͻ 0.01 versus the high stiffness group.
hard gel substrate (14) . This observation suggests that transcriptional regulation is a primary determinant for the cellular response to mechanical signals, at least in the case of h2-calponin. Focusing on transcriptional regulation, the present study employed cell culture substrates of different stiffness to generate tension signals and investigated the promoter activity of the mouse Cnn2 gene. The results identified three 5Ј-up-stream regions with distinct regulatory functions (Fig. 8) . Because h2-calponin gene is under similar mechanoregulation in multiple cell types, the following findings may indicate common regulatory mechanisms.
Cnn2 Promoter Transfected into Cells Responded to Mechanoregulation Same as That of Endogenous Cnn2 Gene-Our study demonstrated that when transfected into cultured cells, FIGURE 7 . Substrate anchorage-dependent expression of h2-calponin in NIH/3T3 cells is counter-correlated with the level of HES-1. NIH/3T3 cells were cultured in plastic dishes steadily as an adherent monolayer or under continuous vibration that prevented the cells from anchoring on the dish for 3 days (26) . Total cellular protein was examined with SDS-PAGE (14% gel with acrylamide:bisacrylamide ratio of 180:1) (A) and Western blotting using anti-h2-calponin polyclonal antibody RAH2 (B) and anti-HES-1 monoclonal antibody 7H11 (C). Normalized by the level of actin, the results showed that floating cells under low tension expressed lower level of h2-calponin as expected, which corresponded to a higher level of HES-1. **, p Ͻ 0.001. the cloned mouse Cnn2 promoter retained mechanoregulated transcriptional activity. Summarized in Fig. 8 , the critical role of the 391-bp segment between Ϫ1,002 and Ϫ611 indicates an essential promoter activity that merits further investigation to explore how the cell type-and differentiation state-specific expression of calponin isoform genes (26) is stringently controlled. Similarly, the enhancer activity identified between Ϫ1,380 and Ϫ1,244 is worth further study for its role in determining the level of Cnn2 gene expression in a permissive cellular environment. The promoter analysis in transfected cells further led to the interesting discovery of the cis-regulatory element in the Ϫ1,572 and Ϫ1,380 region responsible for the low stiffness substrate-induced repression of Cnn2 gene.
It is important to note that the essential promoter element in the Ϫ1.00-kb truncation construct, the Ϫ1,380 to Ϫ1,244 region required for high level expression, and the Ϫ1,572 and Ϫ1,380 mechanoregulated repressor region of Cnn2 gene all remained functional when transfected into cultured cells. Similar repression regulation of the Cnn2 promoter occurs in both transient transfection without chromatin integration and multiple clones of stable transfected cells with random chromatin integrations. Therefore, chromatin structure and integration sites are unlikely to play major roles in the mechanoregulation of h2-calponin gene expression. This observation supports a primary role for trans-regulatory factors.
The role of trans-regulatory factor mechanoregulation of h2-calponin gene expression is consistent with the observation that the mechanoregulation of h2-calponin expression was dependent on the amount of tension over time. Our previous cyclic stretch studies demonstrated a down-regulation of FIGURE 9 . Notch inhibitor and activator regulate h2-calponin expression in a mechanical tension-dependent manner. A, SDS-PAGE and Western blots showed the effects of Notch inhibitor DAPT and activator PEITC on the expression of h2-calponin in nonadherent K562 cells. Normalized to actin and compared with the untreated or solvent-treated controls, the results demonstrate that DAPT increased and PEITC decreased h2-calponin expression. B, similar treatments did not produce significant change in HEK293 cells cultured in plastic as an adherent monolayer. The results suggest a role of Notch signaling in the regulation of h2-calponin gene expression, which was dependent on substrate stiffness-produced mechanical tension in the cell. *, p Ͻ 0.05; **, p Ͻ 0.01 versus control. The data are presented as means Ϯ S.E. n ϭ 3 in each experimental group.
h2-calponin expression quantitatively dependent on the duration of the relaxation phase of the stretching cycle, during which the cells experienced low tension (14) . In contrast to an all-or-none switching mechanism, this phenomenon may reflect an accumulative concentration effect of trans-regulatory factors.
Role of Notch/HES-1 Pathway in the Regulation of Cnn2 Gene Expression Dependent on Mechanical Tension-The Ϫ1.38-kb truncation and the Ϫ1,572 to Ϫ1,380 internal deletion constructs both exhibited unregulated high level expressions on soft gel substrate ( Figs. 4 and 5 ). This observation was confirmed in numerous transient and stable transfection experiments. In floating cells that were experiencing lower cytoskeleton tension than that in cells in adherent cultures (26) , the decrease in h2-calponin expression was accompanied with a significant increase in HES-1 counter-correlated with h2-calponin expression ( Fig. 7) . These data suggested that the control of Cnn2 gene expression by cellular tension is not a high tension-stimulated up-regulation but a low tension-induced repression (Fig. 8 ).
Based on this hypothesis, the search for transcriptional factor binding sites in the Ϫ1,572 to Ϫ1,380 segment of mouse Cnn2 promoter was focused on transcription repressors and identified a binding site for HES-1, an established transcription repressor (39) . Site-specific deletion or mutation experiments confirmed that this HES-1 site is a critical regulatory element in the mechanoregulation of Cnn2 gene (Fig. 6 ).
HES-1 has been reported to suppress transcription via the retinoid X receptor (RXR), a transcription factor that functions under the influence of transcription repressors (38) such as HES-1 (39) . Plausibly, two RXR binding sites are found adjacently in the downstream Ϫ1,380 to Ϫ1,244 region that is responsible for the high level transcriptional activity of the mouse Cnn2 promoter ( Figs. 3 and 6 ). The functional relationship of this HES-1/RXR pair will be investigated in follow-up studies.
Further supporting the role of HES-1 in mechanoregulation of Cnn2 gene expression, HES-1 is known to function as a downstream signaling molecule in the Notch pathway that has been suggested to mediate mechanoregulation (36, 37) . The role of Notch regulation on h2-calponin expression is demonstrated by the effects of Notch inhibitor and activator in a tension-dependent manner (Fig. 9 ). The data are consistent with a role of Notch-RBP J-HES-1 pathway (51) in the mechanoregulation of h2-calponin gene expression. However, a definitive demonstration awaits further experiments that show a loss of mechanoregulation in cells lacking HES-1 and binding of HES-1 to the endogenous Cnn2 promoter.
Transcriptional Regulation of h2-Calponin Gene and Mechanostability of Cytoskeleton-The mechanical tension-regulated expression of Cnn2 gene and the function of h2-calponin in stabilizing actin cytoskeleton present a novel model to study cellular mechanoregulation. When sensing mechanical stimuli, the cytoskeleton, as a dynamic tensegrity network, rearranges and redistributes to reduce the overall stress (4) . At the same time, the force signal is transmitted into the nuclei to modulate adaptive gene expressions (23) . In this regulation, the level of h2-calponin gene expression is high at high cytoskeleton tension to make the actin cytoskeleton more stable and vice versa.
Our data showed that the mechanoregulation of h2-calponin gene expression is primarily a low tension-induced repression of transcription. Therefore, a post-transcriptional down-regulation of h2-calponin in the actin cytoskeleton, such as that produced by low tension-induced proteolysis (14) , would decrease F-actin stability and in turn decrease the tension signal transduced into and sensed by the cell, resulting in a repression of gene transcription to maintain a low level equilibrium of h2-calponin in the cell.
Transfective expression of h2-calponin under a viral promoter that lacks the mechanoregulation showed no decrease but a significant increase in h2-calponin protein when the cells were cultured on soft versus hard gel substrate (14) . Therefore, low cytoskeleton tension may actually promote accumulation of h2-calponin protein in the cell; thus the down-regulation at the transcriptional level would be critical to the effectiveness of cellular response to mechanical signals. Further testing this hypothesis will help to understand the role of h2-calponin in cytoskeleton function and dynamics.
Functional Implications-The mechanoregulation of Cnn2 gene expression and the function of h2-calponin in cytoskeleton stability and dynamics indicate broad physiological and pathological significance. Tissues and cells originating from all three embryonic germ layers have been found to express h2-calponin. Multiple immortalized cell lines including epithelial, fibroblasts, myeloid, and myoblasts express high levels of h2-calponin under the regulation of cytoskeleton tension (5) .
Based on anatomical and functional features, these naturally h2-calponin-positive cell types can be placed into three classes: the first is cells bearing constant or dynamic mechanical tension, such as epithelial and endothelial cells and smooth muscle cells in the wall of various internal organs; the second is migrating cells such as fibroblasts and macrophages; the third group is proliferating cells including myoblasts and other stem cells. This phenotypic classification may help to understand the physiological roles of h2-calponin as a mechanoregulatory molecule in different cell types. The present study laid a foundation for future investigations on the regulation and function of calponin, a widely distributed and abundant but yet poorly understood, cytoskeleton regulatory protein.
